To investigate the physiological functions of polyphenols from acerola (Malpighia emarginata DC.) fruit, the effects on melanogenesis were studied. The crude polyphenol concentrated extract from acerola (C-AP) was used to examine the skin-lightening effect on brownish guinea pigs which had been subjected to controlled UVB irradiation. The results show that C-AP significantly lightened the UVB-irradiated skin pigmentation. Furthermore, treatment with C-AP reduced the content of melanin in B16 melanoma cells, suggesting that the in vivo skin-lightening effect of C-AP was due to the suppression of melanin biosynthesis in melanocytes. In addition, we found that C-AP could effectively inhibit mushroom tyrosinase activity, the main constituents responsible for this effect being thought to be such anthocyanins as cyanidin-3--O-rhamnoside (C3R) and pelargonidin-3--O-rhamnoside (P3R). This result indicates that the skin-lightening effect of C-AP can be partly attributed to the suppression of melanogenesis through the inhibition of tyrosinase activity in melanocytes. An oral ingestion of C-AP may therefore be efficacious for reducing UVB-induced hyper-pigmentation by inhibiting the tyrosinase in melanocytes.
Melanin plays an important role in preventing ultraviolet (UV) light-induced skin damage. However, overexposure to UV radiation can lead to a pathological increase in melanin production. Recent work has greatly expanded our understanding of the mechanism by which UV irradiation stimulates melanogenesis in the skin. A direct effect of UV photons on DNA results in upregulation of the gene for tyrosinase, this then leading to epidermal hyper-pigmentation. [1] [2] [3] Tyrosinase oxidizes the conversion of L-tyrosine to 3,4-dihydroxyphenylalanine (DOPA) and of DOPA to DOPA quinone, these being the first two rate-limiting steps on the melanin synthesis pathway. 2, 4) UV radiation also induces the formation of reactive oxygen species (ROS) in the skin; these ROS contribute to melanin biosynthesis and DNA damage and may then induce the proliferation and/or apoptosis of melanocytes. [5] [6] [7] As such, inhibitors of tyrosinase or such scavengers of ROS as antioxidants might suppress melanogenesis in the epidermal layer of the skin. These facts have led the cosmetic and pharmaceutical companies to develop tyrosinase inhibitors and antioxidants as skin-lightening agents. 8, 9) Polyphenols, which are well-known antioxidants, are ubiquitous natural resources found mainly in plants. Considerable evidence exists to suggest that polyphenols in the human diet participate in preventing degenerative diseases, many of which are attributed to their potential antioxidative properties. [10] [11] [12] Some polyphenols have been found to prevent tyrosinase activity [13] [14] [15] and to suppress melanogenesis in melanocytes, 16, 17) and are thus considered to be promising candidates for the development of skin-lightening agents.
Acerola (Malpighia emarginata DC.) is a fruit found throughout Central America to the northern part of South America. This fruit is well known to be one of the best natural sources of vitamin C, and has become extremely popular among health-conscious people. Besides vitamin C, acerola contains such functional ingredients as carotenoids, 18) -amino butyric acid (GABA) 19) and polyphenols. 20, 21) In respect of polyphenols, it has been found that acerola contained cyanidin-3--O-rhamnoside (C3R) and pelargonidin-3--O-rhamnoside (P3R) as anthocyanins, quercitrin (quercetin-3--O-rhamnoside), hyperoside (quercetin-3--O-galactoside) and kaempferol glycosides as flavonols, and astilbin and proanthocyanidin. [19] [20] [21] These acerola polyphenols (APs) have been reported to have antioxidative activity and an antihyperglycemic effect. 20, 22) However, little is known about the effect of APs on melanogenesis.
We investigated in this study the skin-lightening effect of APs on UVB-induced pigmentation of A1 guinea pig skin by the oral administration of a polyphenol concentrate from acerola fruit. The A1 guinea pig possesses a moderate number of melanocytes and melanosomes in the epidermis, similar to the distribution found in human skin, 23) and many studies have thus utilized this animal to investigate the pathogenesis of UV-induced skin pigmentation. [24] [25] [26] [27] We also investigated the inhibitory activity of APs on mushroom tyrosinase and on melanogenesis of cultured B16 mouse melanoma cells.
Materials and Methods
Chemicals and reagents. Mushroom tyrosinase, cyanidin chloride, pelargonidin chloride, delphinidin chloride and peonidin chloride were purchased from Funakoshi Co., Ltd. (Tokyo, Japan). L-DOPA was purchased from Wako Pure Chemical Industries Ltd. (Tokyo, Japan). Dulbecco's modified Eagle's Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco Invitrogen Co., Ltd. (Carlsbad, CA). Phosphate-buffered saline (PBS) was purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan), and synthetic melanin was purchased from ICN Biomedicals Inc. (Ohio, USA).
Preparation of the crude acerola polyphenol fraction. Defrosted frozen acerola puree (50 kg) was dissolved in distilled water (50 liters), and the solution stirred at room temperature for 30 min and then centrifuged (2800 Â g) at room temperature for 5 min. The supernatant was saved, and the procedure was repeated with the precipitate. The resulting extract was filtered (no. 2, 110 mm) and then applied to a conditioned column packed with 10 liters of Amberlite XAD7HP (Organo, Tokyo, Japan). After washing the column with 15 liters of distilled water, the adsorbed fraction was eluted with 12 liters of 70% ethanol containing 0.1% malic acid (pH 5.0). The fractions containing the eluents were pooled, evaporated and freeze dried to obtain crude acerola polyphenol fraction (C-AP) powder. This procedure resulted in a yield of about 67 g of C-AP, the contents of which are shown in Table 1 , as analyzed by a method described previously.
21)
Isolation of APs. The APs (C3R, P3R, quercitrin, hyperoside, astilbin, kaempferol-3--O-rhamnoside (K3R) and dihydorokaempferol-3--O-rhamnoside (DK3R)) were isolated from acerola fruit as described previously. 20) Briefly, the edible portion of acerola fruit was homogenized with methanol and extracted while stirring at room temperature. The resulting extract was dissolved in distilled water, and then chromatographed in a C18 cartridge column (Sep-Pak Vac; Nihon Waters, Tokyo, Japan). The adsorbed extract was eluted with 20% methanol containing 0.2% of trifluoroacetic acid (TFA). The anthocyanins were isolated from this extract by HPLC in a 10 Â 250 mm C30 column (Develosil RPAQUEOUS-AR-5; Nomura Chemical, Aichi, Japan). The samples were eluted with 20% acetonitrile containing 0.1% TFA at a flow rate of 2.3 ml/min. The isolated anthocyanins were subjected to HPLC, using a LUNA 5 m C18 (2) column (10 Â 250 mm; Phenomenex, Torrance, CA, USA) and further purified. The samples were eluted with 43% methanol containing 0.1% TFA at a flow rate of 2.0 ml/min. The structures of the isolated compounds are shown in Fig. 1 .
Skin-lightening effects on ultraviolet B (UVB)-induced pigmentation of the guinea pig. An animal study on the guinea pig was performed at Nihon Bioresearch Inc. (Gifu, Japan). This study was approved by the Institutional Animal Care Committee of Nichirei Foods Inc. and of Nihon Bioresearch Inc., and was performed in accordance with their guidelines.
Five-week-old female brownish A1 guinea pigs were obtained from the SPF stock of Kiwa Laboratory Animals Co., Ltd. (Wakayama, Japan). The animals were housed in cages under standard experimental conditions (23 AE 1 C, 55 AE 5% humidity; 12-h light and 12-h dark cycle) and were fed on a standard diet (LRC4, Oriental Yeast Co., Ltd., Tokyo, Japan).
The female guinea pigs were divided into two groups (n ¼ 6). C-AP was dissolved in injection-grade water (Otsuka Pharmaceutical Factory Inc., Tokushima, Japan) to a final concentration of 80 mg/ml and administered orally at a dose of 400 mg/kg of body weight per day for 8 weeks, whereas the control animals were given an equal volume of water without C-AP. UVB irradiation was created with a bank of five FL20SÁE sun lumps (Toshiba, Tokyo, Japan). The UVB light emitted most of its energy within the UVB range (280-320 nm) with a peak at 305 nm. The back of each guinea pig was shaved with an electric hair clipper to remove the long hair, and the remaining stubble was removed with a shaver. An area (2 cm Â 2 cm) on the back of each animal was exposed to the minimum effective dose of UVB radiation (210 mJ/cm 2 ) once at the start of the experiment (0 d) and then on 2nd and 4th days of the experiment.
The body weight and skin color intensity were measured for each animal once every week. The skin color intensity was measured at 5 sites with a chromometer (CR-300, Minolta, Osaka, Japan). The degree of pigmentation was assessed as the value of ÁL Ã calculated by the L Ã value (brightness index), as follows;
Measurement of melanogenesis in cultured B16 melanoma cells. The B16 mouse (strain C57BL/6) melanoma cell line was obtained from Riken Cell Bank (Tsukuba, Japan). The cells were seeded in 6-well plates at a density of 1:5 Â 10 5 cells/ml in DMEM containing 10% FBS and 4 mM L-glutamine, and cultured for 24 h at 37 C in a humidified atmosphere of 5% CO 2 /95% air. The medium was replaced with a fresh medium containing the sample solution dissolved in DMSO, and the cells were cultured for 3 d. After washing with PBS, the cells were treated with 0.25% trypsin containing 0.02% EDTA, harvested in PBS, counted with a Coulter Counter and centrifuged at 1000 rpm for 3 min. The cells were then sonicated in 300 ml of 1 N NaOH and heated for 15 min at 100 C. The melanin concentration was calculated by comparing the OD value at 475 nm of a sample with a standard curve obtained with synthetic melanin. The protein concentration was estimated by the Lowry method from a standard curve obtained with bovine serum albumin, using a DC Protein Assay kit (Bio-Rad Laboratories Inc., Tokyo, Japan). The effect of a given sample on the melanin content per mg of protein is expressed as a percentage of the content of cells cultured with DMSO alone in each experiment.
Measurement of the inhibitory effect on mushroom tyrosinase. The tyrosinase assay was performed with mushroom tyrosinase because of its ready availability. Each sample was dissolved in DMSO and used for the experiment at 100 times dilution. Seventy ml of 143 units/ml of a tyrosinase solution, 2 ml of a sample solution and 70 ml of a 100 mM phosphate buffer (pH 6.8) were sequentially added to the wells of a 96-well plate. After preincubating at 25 C for 10 min, the reaction was started by adding 70 ml of 10 mM L-DOPA as the substrate. The reaction was monitored by dopachrome formation at 475 nm, using a SPECTRA max PLUS microplate spectrophotometer (Molecular Devices Co., Tokyo, Japan) for 2 min, this period exhibiting a linear relationship between the time and OD 475nm . A control reaction was conducted in DMSO without a sample. For each sample tested, we set a blank for which the phosphate buffer solution was added instead of tyrosinase. All mesurements were performed at triplicate. The inhibition activity is expressed as the inhibitory activity (IA) calculated as follows: IA (%) = {1 À (OD (sample) À OD (blank))/OD (control)} Â 100. In the case of individual APs, the inhibitory activity is also expressed as the concentration at which 50% of the enzyme activity was inhibited (IC 50 ). The mode of inhibition of each AP against tyrosinase was determined by a Lineweaver-Burk plot with various concentrations of L-DOPA.
Statistical analysis. The data in the animal study were tested by an F-test for homogeneity of variance at a significance level of 5%. When significant differences were observed, the level of significance of the difference was calculated by the Aspin-Welch t-test, whereas Student's t-test was performed if there were no significant differences in the F-test. The data for multiple comparisons in the study of melanoma cells were tested by Dunnett's test for evaluating significant differences compared with the control. The data for multiple comparisons in the tyrosinase assay were calculated by Tukey's test for evaluating significant differences among all pairs of inhibitors tested. 
Results
Lightening effects on UVB-induced pigmentation in the guinea pig C-AP was orally administered to guinea pigs for 8 weeks at a dose of 400 mg/kg of body weight/d which did not produce any significant change in the body weight of the experimental animals. Figure 2 shows the ÁL Ã values which indicate the degree of pigmentation during the experimental period. The ÁL Ã values of UVBirradiated skin of six guinea pigs administered with C-AP showed lower values throughout the experimental period, and on day 14, were significantly lower than those of the control group. In addition, as shown in Fig. 3 , there was a visible reduction in pigmentation of the skin samples that had been treated with C-AP for 14 d.
Measurement of the melanogenesis of cultured B16 melanoma cells
To study the effect of C-AP on the melanogenesis on melanocytes, we examined the level of melanin producted in B16 melanoma cells after treating the cells with various doses of C-AP, as well as with vitamin C as the control. As shown in Fig. 4A , the protein content of all samples remained unaltered, indicating the absence of cytotoxicity for all samples and doses. On the other hand, the level of melanin production was decreased by C-AP in a dose-dependent manner with an IC 50 value of approximately 50 mg/ml (Fig. 4B ). This effect was slightly lower than that seen with vitamin C which exhibited about 65% suppression of melanin production at a concentration of 20 mg/ml. The ÁL Ã values were calculated from the L Ã value (brightness index), as follows:
on each day). Each value is expressed as the mean AE SD (n ¼ 6).
Ã p < 0:05 compared to the control group. 
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Measurement of the inhibitory effect on mushroom tyrosinase
To investigate the mechanism for the inhibitory effect of C-AP on the melanogenesis in melanocytes, we examined the effect of C-AP on mushroom tyrosinase, as well as that of kojic acid which is a skin lightening agent, and the results are shown in Fig. 5 . As expected, C-AP inhibited tyrosinase activity in a dose-dependent manner, with an IC 50 value of approximately 15 mg/ml. Again, this effect was slightly lower than that from the melanogenesis inhibitor, kojic acid, the IC 50 value for which was about 5 mg/ml (Fig. 5) .
In addition to C-AP, we investigated the inhibitory effect of individual APs (C3R, P3R, quercitrin, hyperoside, astilbin, K3R and DK3R) at a concentration of 500 mg/ml (Fig. 6 ). As shown in Fig. 6 , C-AP gave no more than 60% inhibition of tyrosinase at a concentration of 500 mg/ml, although the IC 50 value for C-AP was much lower than 500 mg/ml as already mentioned. This is because the inhibition of C-AP reached a plateau at the level of 60% despite the low IC 50 value. Among the individual APs, the anthocyanin compounds like C3R and P3R showed high tyrosinase inhibition. Astilbin also inhibited tyrosinase activity, although the intensity of the effect was rather low. On the contrary, the other APs exhibited no inhibitory effect on tyrosinase. The anthocyanins and astilbin which each exhibited an inhibitory effect on tyrosinase were assessed for their IC 50 values of tyrosinase inhibition and for the inhibition patterns by their compounds toward tyrosinase. Since the anthocyanins in APs all showed high inhibitory activity, authentic anthocyanidin compounds were also investigated for comparison. The results are shown in Table 2 , revealing that peonidin was the highest tyrosinase inhibitor. A comparison between the aglycon type and that conjugated with rhamnoside showed that the inhibitory effect of the conjugated type was higher than that of aglycon type (C3R and cyanidin, P3R and pelargonidin). In addition, different inhibition patterns were apparent between them (C3R and P3R, noncompetitive; cyanidin and pelargonidin, mixed).
Discussion
The oral administration of C-AP following UVB irradiation reduced the pigmentation in guinea pig skin, a significant reduction being observed by day 14. Furthermore, C-AP reduced the melanin level in B16 melanoma cells. The skin color is formed by transferring the melanin generated in melanocytes to the neighboring keratinocytes. Therefore, lightening of the skin color can be considered to be achieved by inhibiting either the transfer pathway for melanin to the keratinocytes or the synthesizing pathway for melanin in the melanocytes. The data from the present study using melanoma cells suggest that the skin-lightening effect of C-AP was due to the suppression of melanin biosynthesis in the melanocytes. While a number of factors have been attributed to melanin biosynthesis in melanocytes, the Tyrosinase Activity. Seventy ml of 143 units/ml of a tyrosinase solution, 2 ml of a sample solution and 70 ml of a 100 mM phosphate buffer (pH 6.8) were sequentially added to the wells of a 96-well plate. After preincubating at 25 C for 10 min, the reaction was started by adding 70 ml of 10mM L-DOPA as the substrate. The reaction was monitored by dopachrome formation at 475 nm for 2 min. The inhibition is expressed as the inhibitory activity (IA) calculated as follows: IA (%) = (1 À OD (sample)/OD (control)) Â 100. Each value is expressed as the mean AE SD (n ¼ 3). The inhibitory effects of individual APs isolated from C-AP on the mushroom tyrosinase were measured by the same procedure as that described in Fig. 5 . The data are expressed at a concentration of 500 mg/ml, and each value is expressed as the mean AE SD (n ¼ 3). Letters on the bars show the statistical relationships; if different from each other, they differed at p < 0:01, according to Tukey's test. main mechanism for skin tanning caused by UVB is considered to be melanin production through the increased activity of tyrosinase. 2, 24, 25) We therefore investigated whether or not the skin-lightening effect of C-AP resulted from the inhibition of tyrosinase activity and found that C-AP did effectively inhibit the tyrosinase activity (Fig. 5) . The IC 50 value for C-AP was about 50 mg/ml with B16 melanoma cells, this being a sufficient concentration for tyrosinase inhibition. This fact suggests that the suppression of melanin production in the cells by C-AP might have been due to its inhibitory effect on tyrosinase. Furthermore, from the previous study, C-AP was shown to have ROS scavenging activity. As mentioned earlier, it has been reported that ROS also assist in melanin biosynthesis. [5] [6] [7] Therefore, this ROS scavenging effect may also contribute to the reduction of pigmentation by C-AP.
When discussing the hypothesis for the inhibition of melanogenesis as just mentioned, it is also important to consider the uptake of C-AP into the melanoma cells. We have not investigated the uptake of C-AP into the cells, because of the difficulty in detecting and identifying the C-AP constituents or derivatives. Nevertheless, it has been reported that anthocyanins, which are the major constituents in C-AP, were actually uptaken into several cell lines in the intact form, although the uptake using melanoma cells was not investigated. 28) It is therefore plausible to assume that C-AP is uptaken into melanoma cells and acts as an inhibitor of melanogenesis in the cells. To substantiate these assumptions, it would be essential to examine the actual uptake level of C-AP into melanoma cells.
We applied UVB light in this study to induce skin pigmentation. However, the level of UVA to which we are regularly exposed is much higher than that of UVB, because a high amount of UVB light is cut by the ozone layer. Thus, the harmful influence of UVA exposure should not be underestimated, although the energy of UVA is lower than that of UVB. It is thought that the pigmentation mechanisms are different between UVA and UVB. 29) Exposure to UVB causes the skin to sunburn and then tan. Conversely, UVA radiation causes the skin to immediately darken and tan without causing sunburn. As already mentioned, the main mechanism for pigmentation induced by UVB is thought to involve the inhibition of tyrosinase in melanocytes, 2) and it therefore takes several days for the increase in number of melanosomes to cause skin tanning. 30) On the other hand, when the skin is exposed to UVA, dark-colored pigment is generated directly outside the melanocytes by photooxidation of colorless melanogenic precursors such as 5,6-dihydroxyindole-2-carboxylic acid and its O-methyl metabolite. 29) For these reasons, the finding that C-AP can prevent the UVB-induced skin pigmentation observed in this study probably cannot be extended to UVA-induced pigmentation. It is therefore necessary to further examine whether C-AP can also suppress UVA-induced skin pigmentation.
In the present study with guinea pigs, the oral administration of 400 mg/kg of body weight of C-AP per day corresponds to a polyphenol consumption of about 200 mg/kg of body weight per day. It has been previously reported that the quantity of polyphenols commonly ingested by an adult person is roughly 1 g/d. 31) Taking this fact into consideration, the dose of C-AP administered in this study was considerably higher than the quantity of polyphenols ingested with our daily diets. However, an experiment with such a high dose is useful to obtain reliable data on foods fortified with a high amount of polyphenols such as food supplements.
The result for tyrosinase inhibition of the individual APs suggested that such anthocyanins as C3R and P3R were mainly responsible for the inhibitory effect of C-AP on tyrosinase, although the inhibitory effect of proanthocyanidin has not yet been examined because of difficulty in its isolation. In an oral administration study, however, the bioavailability and metabolism of ingested C-AP could be important. It has been shown that the bioavailability of anthocyanin was generally under 1% of the ingested dose, which is much lower than that of the other polyphenols.
32) It has been reported that when cyanidin-type anthocyanins were ingested, they were metabolized to peonidin-type anthocyanins. [33] [34] [35] As shown in Table 2 , peonidin showed extremely high inhibitory activity toward tyrosinase. It therefore seems reasonable to hypothesize that, in spite of the low bioavailability of anthocyanin, C3R in C-AP was metabolized to a more powerful tyrosinase inhibitor such as a peonidin-type anthocyanin, and that this metabolite might have partly contributed to the skinlightening effect of C-AP shown in the in vivo study. Although the tyrosinase inhibitory activity of both C3R and P3R is decreased when they are degraded into their aglycon form, especially for the pelargonidin type (Table 2) , it is not likely that the anthocyanins conjugated with glycosides would be degraded into the aglycon type when absorbed in the intestines and metabolized. [33] [34] [35] In any case, to substantiate these hypotheses, it seems necessary to examine the bioavailability and metabolism of the constituents of C-AP.
In conclusion, an oral administration of C-AP effectively lightened the pigmented skin of guinea pigs. This effect might have mainly been because of the suppression of melanin biosynthesis by inhibiting the tyrosinase activity in melanocytes. Thus, the oral ingestion of C-AP may be efficacious for reducing UVB-induced hyper-pigmentation.
